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1
METHOD FOR PRODUCING CARBON
NANOTUBE TWISTED THREAD, AND
PRODUCTION APPARATUS OF CARBON
NANOTUBE TWISTED THREAD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to International Patent
Application No. PCT/JP2020/033663, filed Sep. 4, 2020,
which claims priority to Japanese Patent Application No.
2019-1693809, filed Sep. 18, 2019, the entire contents of each
of which are incorporated herein by reference.

TECHNICAL FIELD

The present invention relates to a method for producing a
carbon nanotube twisted thread, and a production apparatus
of a carbon nanotube twisted thread.

BACKGROUND ART

Carbon nanotubes have been known to have excellent
mechanical strength, thermal conductivity and electrical
conductivity, and it has been considered that a plurality of
carbon nanotubes are formed into a thread shape to be used
as a carbon nanotube thread in various industrial products.

As a method for producing such a carbon nanotube thread,
for example, a method for producing a carbon nanotube
twisted thread has been proposed in which after drawing a
carbon nanotube web composed of continuously connected
carbon nanotubes out of a carbon nanotube array which is
grown on a substrate, a carbon nanotube twisted thread
obtained by twisting the carbon nanotube web is wound
around a thread winding spindle while the carbon nanotube
web is twisted (ref: for example, Patent Document 1).

Such a method for producing a carbon nanotube twisted
thread is carried out with a spinning apparatus including a
substrate on which a carbon nanotube array is disposed, and
a rotating portion which supports a thread winding spindle
rotatably. In the spinning apparatus, by inputting a driving
force into the rotating portion and the thread winding
spindle, the thread winding spindle rotates about an axis of
the thread winding spindle while the rotating portion rotates
about a rotation axis intersecting with the axis of the thread
winding spindle.

Thus, the thread winding spindle continuously draws the
carbon nanotube web out of the carbon nanotube array, and
winds the carbon nanotube twisted thread while the carbon
nanotube web is twisted along with the rotation of the
rotating portion.

SUMMARY OF THE INVENTION
Problem to be Solved by the Invention

However, in the method for producing a carbon nanotube
twisted thread described in Patent Document 1, in order to
rotate the thread winding spindle about the axis of the thread
winding spindle, it is necessary to input a driving force from
a driving source such as a motor provided in the rotating
portion into the thread winding spindle, and to supply an
electric power to the driving source via the rotating portion.

Therefore, it is considered that a connector for rotary
connection such as a slip ring for electrically connecting the
rotating portion which is rotating to an external power
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source is provided to supply the electric power to the driving
source in the rotating portion.

However, with the connector for rotary connection such
as a slip ring, there is a limit to improvement in a rotation
rate of the rotating portion while ensuring electrical con-
nection between the rotating portion and the external power
supply. Further, providing the connector for rotary connec-
tion makes a configuration of a production apparatus of a
carbon nanotube twisted thread complicated.

Therefore, it is considered that the carbon nanotube web
is twisted by rotating the substrate on which the carbon
nanotube array is disposed, without rotating the rotating
portion. However, when the carbon nanotube twisted thread
is industrially produced, it is difficult to stably rotate the
substrate, and the rotation rate of the substrate cannot be
sufficiently ensured due to enlargement of the substrate. As
a result, there is a limit to improvement in production
efficiency of the carbon nanotube twisted thread.

The present invention provides a method for producing a
carbon nanotube twisted thread, and a production apparatus
of a carbon nanotube twisted thread which are capable of
industrially and efficiently producing a carbon nanotube
twisted thread.

Means for Solving the Problem

The present invention [1] includes a method for producing
a carbon nanotube twisted thread, the method including a
step of drawing a plurality of carbon nanotubes so as to be
continuous in lines out of vertically aligned carbon nano-
tubes disposed on a substrate and aligned vertically to the
substrate, bunding the carbon nanotubes into a thread shape,
and winding a temporary thread, bundled into the thread
shape, around a first winder; and a step of feeding the
temporary thread wound up from the first winder and
rotating the first winder about an axis along a feeding
direction of the temporary thread to twist the temporary
thread.

According to such a method, the plurality of carbon
nanotubes are drawn out of the vertically aligned carbon
nanotubes so as to be continuous in lines, and are bundled
into a thread shape, and the temporary thread thus bundled
into a thread shape is temporarily wound on the first winder.
Thereafter, the temporary thread is fed from the first winder
and the first winder is rotated about the axis along the
feeding direction of the temporary thread to twist the tem-
porary thread.

Therefore, a connector for rotary connection is not nec-
essary, and even as compared with a case of rotating the
substrate, it is possible to stably rotate the first winder, and
smoothly twist the temporary thread. As a result, it is
possible to industrially and efficiently produce the carbon
nanotube twisted thread.

The present invention [2] includes the method for pro-
ducing a carbon nanotube twisted thread described in the
above-described [1], wherein a filling ratio of the carbon
nanotube in a cross section of the temporary thread when the
temporary thread is cut in a direction perpendicular to a
length direction is 0.3% in area or more and 75% in area or
less.

According to such a method, since the plurality of linearly
continuous carbon nanotubes are bundled into a thread shape
so that the filling ratio of the carbon nanotube in the cross
section of the temporary thread is the above-described lower
limit or more, it is possible to stably form the temporary
thread. Further, since the filling ratio of the carbon nanotube
in the cross section of the temporary thread is the above-
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described upper limit or less, it is possible to suppress
breakage of the temporary thread when the plurality of
linearly continuous carbon nanotubes are bundled into a
thread shape.

The present invention [3] includes the method for pro-
ducing a carbon nanotube twisted thread described in the
above-described [2], wherein a filling ratio of the carbon
nanotube in the cross section of the temporary thread is 40%
in area or less.

According to such a method, since the filling ratio of the
carbon nanotube in the cross section of the temporary thread
is the above-described upper limit or less, it is possible to
stably twist the temporary thread fed from the first winder,
and improve a tensile strength of the carbon nanotube
twisted thread.

The present invention [4] includes the method for pro-
ducing a carbon nanotube twisted thread described in any
one of the above-described [1] to [3], wherein a filling ratio
of the carbon nanotube in the cross section of the carbon
nanotube twisted thread when the carbon nanotube twisted
thread is cut in the direction perpendicular to the length
direction is larger than the filling ratio of the carbon nano-
tube in the cross section of the temporary thread, and is 50%
in area or more and 90% in area or less.

According to such a method, since the filling ratio of the
carbon nanotube in the cross section of the carbon nanotube
twisted thread is within the above-described range, it is
possible to stably improve the tensile strength of the carbon
nanotube twisted thread.

The present invention [5] includes the method for pro-
ducing a carbon nanotube twisted thread described in any
one of the above-described [1] to [4], wherein a twist angle
of the temporary thread is 0° or more and 10° or less.

According to such a method, since the twist angle of the
temporary thread is within the above-described range, it is
possible to further more stably twist the temporary thread
fed from the first winder.

The present invention [6] includes the method for pro-
ducing a carbon nanotube twisted thread described in any
one of the above-described [1] to [5], wherein a twist angle
of the carbon nanotube twisted thread is 5° or more and 30°
or less.

According to such a method, since the twist angle of the
carbon nanotube twisted thread is within the above-de-
scribed range, it is possible to further more stably improve
the tensile strength of the carbon nanotube twisted thread.

The present invention [7] includes the method for pro-
ducing a carbon nanotube twisted thread described in any
one of the above-described [1] to [6], wherein the plurality
of carbon nanotubes drawn so as to be continuous in lines
are inserted into a hole to be bundled into the thread shape.

According to such a method, it is possible to stably bundle
the plurality of linearly continuous carbon nanotubes into a
thread shape even by a simple method.

The present invention [8] includes the method for pro-
ducing a carbon nanotube twisted thread described in the
above-described [7], wherein an inner diameter of the hole
is Y3000 or more and Yioo or less with respect to a width of
a drawing position of the carbon nanotube in the vertically
aligned carbon nanotubes.

According to such a method, since the inner diameter of
the hole is the above-described lower limit or more with
respect to the width of the drawing position, it is possible to
stably insert the plurality of linearly continuous carbon
nanotubes into the hole. Further, since the inner diameter of
the hole is the above-described upper limit or less with
respect to the width of the drawing position, it is possible to
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adjust the filling ratio of the carbon nanotube in the cross
section of the temporary thread within a predetermined
range.

The present invention [9] includes the method for pro-
ducing a carbon nanotube twisted thread described in any
one of the above-described [1] to [8], wherein a second
winder rotates and winds the carbon nanotube twisted thread
obtained by twisting the temporary thread fed from the first
winder.

According to such a method, since the second winder
rotates and winds the carbon nanotube twisted thread, the
first winder rotates following the rotation of the second
winder, so that it is possible to continuously feed the
temporary thread. Therefore, the second winder is drivingly
rotated while the first winder is drivingly rotated about the
axis along the feeding direction of the temporary thread, so
that it is possible to continuously produce the carbon nano-
tube twisted thread.

The present invention [10] includes the method for pro-
ducing a carbon nanotube twisted thread described in any
one of the above-described [1] to [9] further including a step
of extending the carbon nanotube twisted thread in the
length direction.

According to such a method, since the carbon nanotube
twisted thread is extended in the length direction, it is
possible to improve the filling ratio of the carbon nanotube
in the cross section of the carbon nanotube twisted thread,
and further improve the tensile strength of the carbon
nanotube twisted thread.

The present invention [11] includes a production appara-
tus of a carbon nanotube twisted thread, the apparatus
including a temporary thread production unit including
vertically aligned carbon nanotubes disposed on a substrate
and aligned vertically to the substrate, a bundling portion for
bundling a plurality of linearly continuous carbon nanotubes
drawn out of the vertically aligned carbon nanotubes into a
thread shape, and a first winder capable of winding a
temporary thread bundled into the thread shape; and a
twisted thread production unit including a second winder
capable of winding the temporary thread fed from the first
winder by rotational drive, and a support portion supporting
the first winder to be followingly rotatable, the support
portion being capable of drivingly rotating about an axis
along a feeding direction of the temporary thread.

According to such a configuration, after the bundling
portion bundles lines of continuous carbon nanotubes drawn
out of the vertically aligned carbon nanotubes disposed on
the substrate into a thread shape, the first winder temporarily
winds the temporary thread.

Then, the second winder is drivingly rotated, thereby
rotating the first winder followingly to continuously feed the
temporary thread, and the support portion supporting the
first winder drivingly rotates about the axis along the feeding
direction of the temporary thread in order to twist the
temporary thread. Thereafter, the second winder winds the
twisted carbon nanotube twisted thread.

That is, the second winder drivingly rotates to continu-
ously draw the temporary thread from the first winder and to
wind the carbon nanotube twisted thread, and the support
portion drivingly rotates so as to twist the temporary thread.
Therefore, the second winder winds the carbon nanotube
twisted thread while the temporary thread is twisted,
whereby it is possible to simplify a configuration of a
production apparatus of a carbon nanotube twisted thread,
and industrially and efficiently produce the carbon nanotube
twisted thread as compared with a case where the second
winder drivingly rotates about two different axes.
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The present invention [12] includes a production appara-
tus of a carbon nanotube twisted thread, the apparatus
including a temporary thread production unit including
vertically aligned carbon nanotubes disposed on a substrate
and aligned vertically to the substrate, a bundling portion for
bundling a plurality of linearly continuous carbon nanotubes
drawn out of the vertically aligned carbon nanotubes into a
thread shape, and a first winder capable of winding a
temporary thread bundled into the thread shape; and a
twisted thread production unit including a second winder
capable of winding the temporary thread fed from the first
winder by rotational drive, and a support portion supporting
the second winder to be drivingly rotatable, the support
portion being capable of drivingly rotating about an axis
along a feeding direction of the temporary thread.

According to such a configuration, after the bundling
portion bundles lines of continuous carbon nanotubes drawn
out of the vertically aligned carbon nanotubes disposed on
the substrate into a thread shape, the first winder temporarily
winds the temporary thread. Then, the support portion
supporting the second winder drivingly rotates about the
axis along the feeding direction of the temporary thread to
twist the temporary thread while the first winder continu-
ously feeds the temporary thread. Thereafter, the second
winder winds the twisted carbon nanotube twisted thread.
Therefore, it is possible to industrially and efficiently pro-
duce the carbon nanotube twisted thread.

The present invention [13] includes a production appara-
tus of a carbon nanotube twisted thread, the apparatus
including a temporary thread production unit including
vertically aligned carbon nanotubes disposed on a substrate
and aligned vertically to the substrate, a bundling portion for
bundling a plurality of linearly continuous carbon nanotubes
drawn out of the vertically aligned carbon nanotubes into a
thread shape, and a first winder capable of winding a
temporary thread bundled into the thread shape; and a
twisted thread production unit including a second winder
capable of winding the temporary thread fed from the first
winder by rotational drive, and an intermediate thread twist-
ing portion capable of twisting the temporary thread
between the first winder and the second winder.

According to such a configuration, after the bundling
portion bundles lines of continuous carbon nanotubes drawn
out of the vertically aligned carbon nanotube disposed on the
substrate into a thread shape, the first winder temporarily
winds the temporary thread. Then, the second winder is
drivingly rotated, thereby rotating the first winder follow-
ingly to continuously feed the temporary thread, and the
intermediate thread twisting portion twists the temporary
thread between the first winder and the second winder.
Thereafter, the second winder winds the twisted carbon
nanotube twisted thread. Therefore, it is possible to simplify
the configuration of the production apparatus of a carbon
nanotube twisted thread, and industrially and efficiently
produce the carbon nanotube twisted thread.

Effect of the Invention

According to the method for producing a carbon nanotube
twisted thread of the present invention, it is possible to
industrially and efficiently produce a carbon nanotube
twisted thread, and improve a strength of the carbon nano-
tube twisted thread. Further, it is possible to decrease a
probability of the breakage of the carbon nanotube twisted
thread as compared with a conventional production method.

According to the production apparatus of a carbon nano-
tube twisted thread of the present invention, it is possible to
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6

industrially and efficiently produce a carbon nanotube
twisted thread while simplifying a configuration.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a perspective view of a temporary thread
production unit provided in a CNT twisted thread production
apparatus as a first embodiment of a production apparatus of
a carbon nanotube twisted thread of the present invention.

FIG. 2 shows a perspective view of a twisted thread
production unit provided in a CNT twisted thread production
apparatus as a first embodiment of a production apparatus of
a carbon nanotube twisted thread of the present invention.

FIG. 3A shows a step of forming a catalyst layer on a
substrate shown in FIG. 1.

FIG. 3B, subsequent to FIG. 3A, shows a step of heating
the substrate to aggregate the catalyst layer into a plurality
of granules.

FIG. 3C, subsequent to FIG. 3B, shows a step of supply-
ing a raw material gas to the plurality of granules to grow a
plurality of carbon nanotubes.

FIG. 3D, subsequent to FIG. 3C, shows a step of drawing
the plurality of carbon nanotubes to prepare a carbon nano-
tube web.

FIG. 4 shows a schematic configuration view of a tem-
porary thread production unit provided in a CNT twisted
thread production apparatus as a second embodiment of a
production apparatus of a carbon nanotube twisted thread of
the present invention.

FIG. 5A shows an explanatory view for illustrating a step
of extending a carbon nanotube twisted thread included in a
third embodiment of a method for producing a carbon
nanotube twisted thread of the present invention, and shows
a state of holding an end portion of the carbon nanotube
twisted thread.

FIG. 5B, subsequent to FIG. 5A, shows a state of extend-
ing the carbon nanotube twisted thread.

FIG. 6 shows a scanning electron microscope (SEM)
image of a temporary thread of Production Example 4.

FIG. 7 shows a scanning electron microscope (SEM)
image of a carbon nanotube twisted thread of Example 9.

FIG. 8 shows a graph showing a correlation between
number of twists of carbon nanotube twisted threads and a
tensile strength of the carbon nanotube twisted threads in
Examples 1 to 16.

FIG. 9 shows a graph showing a correlation between a
filling ratio of temporary threads and a tensile strength of
carbon nanotube twisted threads in Examples 4, 10, 13, and
17 to 19, and Comparative Example 1.

DESCRIPTION OF EMBODIMENTS
1. First Embodiment

(1) Method for Producing Carbon Nanotube Twisted Thread
A first embodiment of a method for producing a carbon
nanotube twisted thread of the present invention includes,
for example, as shown in FIG. 1, a step of drawing a
plurality of carbon nanotubes 10 (hereinafter referred to as
a CNT 10) so as to be continuous in lines out of vertically
aligned carbon nanotubes 2 (Vertically Aligned carbon nano-
tubes; hereinafter referred to as VACNTs 2) disposed on a
substrate 1, bundling the carbon nanotubes 10 into a thread
shape, and winding a temporary thread 11, thus bundled into
a thread shape, around a first winder 12; and, as shown in
FIG. 2, a step of twisting the temporary thread 11 while
feeding the temporary thread 11 from the first winder 12.
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In this production method, first, as shown in FIGS. 3A to
3D, the VACNTs 2 are grown on the substrate 1 by a
chemical vapor deposition method (CVD method) to prepare
the VACNTs 2 disposed on the substrate 1.

Specifically, as shown in FIG. 3A, first, the substrate 1 is
prepared. The substrate 1 is not particularly limited, an
example thereof includes a known substrate used in CVD
method, and a commercially available product can be used.

Examples of the substrate 1 include a silicon substrate,
and a stainless steel substrate 5 on which a silicon dioxide
film 6 is laminated, and preferably, the stainless steel sub-
strate 5 on which the silicon dioxide film 6 is laminated is
used. FIGS. 1 and 3A to 3D show a case where the substrate
1 is the stainless steel substrate 5 on which the silicon
dioxide film 6 is laminated.

Then, as shown in FIG. 3A, a catalyst layer 7 is formed
on the substrate 1, preferably on the silicon dioxide film 6.
In order to form the catalyst layer 7 on the substrate 1, a
metal catalyst film is formed on the substrate 1 (preferably,
on the silicon dioxide film 6) by a known film-forming
method.

Examples of the metal catalyst include iron, cobalt, and
nickel, and preferably, iron is used. These metal catalysts
may be used alone or in combination of two or more.
Examples of the film-forming method include vacuum depo-
sition and sputtering, and preferably, vacuum deposition is
used. Thus, the catalyst layer 7 is disposed on the substrate
1.

Next, as shown in FIG. 3B, the substrate 1 on which the
catalyst layer 7 is disposed is, for example, heated at 700° C.
or more and 900° C. or less. Thus, the catalyst layer 7 is
aggregated into a plurality of granules 7A.

Then, as shown in FIG. 3C, a raw material gas is supplied
to the heated substrate 1. The raw material gas includes a
hydrocarbon gas having 1 to 4 carbon atoms (lower hydro-
carbon gas). Examples of the hydrocarbon gas having 1 to
4 carbon atoms include methane gas, ethane gas, propane
gas, butane gas, ethylene gas, and acetylene gas, and pref-
erably, acetylene gas is used.

Further, the raw material gas may also include, if neces-
sary, a hydrogen gas, an inert gas (for example, helium,
argon, and the like), water vapor, and the like.

The supply time of the raw material gas is, for example,
one minute or more and 60 minutes or less.

Thus, the plurality of CNTs 10 are grown starting from
each of the plurality of granules 7A. In FIG. 3C, for
convenience, one CNT 10 is described to grow from one
granule 7A, and the present invention is not limited to this.
The plurality of CNTs 10 may also grow from one granule
7A.

Each of the plurality of CNTs 10 may be either a single-
layer carbon nanotube or a multi-layer carbon nanotube, and
is preferably a multi-layer carbon nanotube. These CNTs 10
may be used alone or in combination of two or more.

The CNT 10 has an average outer diameter of, for
example, 1 nm or more and 100 nm or less. The CNT 10 has
an average length (average length in an axial direction) of,
for example, 1 pm or more, preferably 100 pm or more, more
preferably 200 um or more, and for example, 1000 um or
less, preferably 500 pum or less, more preferably 400 um or
less. Further, when the CNT 10 is a multi-layer CNT, the
CNT 10 has an average inner diameter of, for example, 0.5
nm or more and 50 nm or less. The average inner diameter
and the average outer diameter of the CNT 10 are measured
with a field emission-type scanning electron microscope
(FE-SEM). The average length of the CNT 10 is, for
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example, measured by a known method such as a laser
displacement meter and a scanning electron microscope
(SEM).

Each of the plurality of CNTs 10 extends in a thickness
direction of the substrate 1 so as to be generally parallel to
each other on the substrate 1. Thus, the VACNTSs 2 consist-
ing of the plurality of CNTs 10 grow on the substrate 1.

That is, the plurality of CNTs 10 are aligned so as to be
perpendicular to the substrate 1 (aligned vertically), and the
VACNTs 2 are aligned vertically to the substrate 1.

Thus, the VACNTs 2 disposed on the substrate 1 are
prepared. As shown in FIG. 1, the VACNTs 2 form a
generally rectangular shape, when viewed from the top,
extending in a plane direction (longitudinal direction and
lateral direction) perpendicular to the thickness direction
(up-down direction) of the substrate 1. The VACNTs 2
include a plurality of rows 2A in the lateral direction in
which the plurality of CNTs 10 are linearly disposed in
alignment in the longitudinal direction. In the VACNTs 2,
the plurality of CNTs 10 are in tight contact with each other
in the plane direction (longitudinal direction and lateral
direction).

The VACNTs 2 have bulk density of, for example, 10
mg/cm® or more, preferably 20 mg/cm® or more, and for
example, 80 mg/cm? or less, preferably 60 mg/cm> or less.
The bulk density of the VACNTs 2 is, for example, calcu-
lated from mass per unit area (basis weight, unit: mg/cm?),
and a length of the carbon nanotube (measured with SEM
(manufactured by JEOL Ltd.) or laser displacement meter
(manufactured by KEYENCE CORPORATION)).

Next, the plurality of CNTs 10 are drawn out of the
VACNTs 2 so as to be continuous in lines.

Specifically, of the VACNTs 2, the CNT 10 located in one
end portion in the longitudinal direction of each row 2A is
collectively held with a drawer, not shown, and pulled away
from the substrate 1.

Then, as shown in FIG. 3D, the pulled CNT 10 is pulled
out of the granule 7A. At this time, the CNT 10 which is
pulled out adheres to the neighboring CNT 10, and then, the
adhering CNT 10 is pulled out of the granule 7A.

Thus, the plurality of CNTs 10 are sequentially and
continuously drawn out of the VACNTs 2 to form a carbon
nanotube single thread 8 (hereinafter referred to as a CNT
single thread 8) in which the plurality of CNTs 10 are
continuously connected linearly. In FIG. 3D, for conve-
nience, the CNT single thread 8 is described to be formed by
one-by-one continuous connection of the CNT 10, and
actually, bundles consisting of CNTs 10 are continuously
connected to form the CNT single thread 8.

The CNT single thread 8 is a non-twisted thread which is
not twisted, and a twist angle thereof is generally 0°. The
CNT single thread 8 has an outer diameter of, for example,
5 nm or more, and for example, 100 nm or less, preferably
80 nm or less.

Then, as shown by an enlarged view of FIG. 1, the
plurality of CNT single threads 8 are disposed in parallel in
the lateral direction since the CN'Ts 10 of rows 2A are drawn
simultaneously and collectively. Thus, the CNT single
threads 8 constitute a carbon nanotube web 9 having a
generally sheet shape (hereinafter referred to as a CNT web
9).

Next, the CNT single threads 8, each being linearly
continvous CNTs 10, are bundled into a thread shape.
Specifically, the CNT single threads 8 are inserted into a hole
13A provided in a die 13 as one example of a bundling
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portion, and bundled into a thread shape. That is, the die 13
bundles the CNT single threads 8 drawn out of the VACNTS
2 into a thread shape.

The die 13 has a cylindrical shape, and has the hole 13A.
An inner diameter of the hole 13A is, for example, Y5000 or
more, preferably 3000 or more, and for example, /50 or less,
preferably Yico or less with respect to a width (that is, a
lateral dimension of the VACNTS 2) of a drawing position of
the CNT 10 in the VACNTSs 2. When the CNT single thread
8 is drawn out of multiple set of VACNTSs 2, the width of the
drawing position of the CNT 10 in each of the VACNTs 2
may be summed.

When the inner diameter of the hole 13A is the above-
described lower limit or more with respect to the width of
the drawing position, it is possible to stably insert the CNT
single threads 8 into the hole 13A. Further, since the inner
diameter of the hole 13A is the above-described upper limit
or less with respect to the width of the drawing position, it
is possible to adjust a filling ratio of the CNT 10 in a cross
section of the temporary thread 11 within a range to be
described later.

In FIG. 1, for convenience, one die 13 is disposed, and the
number of dies 13 is not particularly limited. The plurality
of dies 13 may be also spaced apart from each other. In this
case, the CNT single threads 8 are sequentially inserted into
the holes 13A of the plurality of dies 13. In addition, the
method for bundling the CNT single threads 8 into a thread
shape is not limited to the above-described method, and for
example, as described in International Publication No. 2015/
011768, the CNT single threads 8 may be also bundled into
a thread shape through a perforated pulley.

Thus, the CNT single threads 8 are bundled into a thread
shape to form the temporary thread 11. The temporary thread
11 includes the CNT single threads 8 aligned in the length
direction of the temporary thread 11.

The filling ratio of the CNT 10 in the cross section of the
temporary thread 11 when the temporary thread 11 is cut in
a direction perpendicular to the length direction is, for
example, 0.01% in area or more, preferably 0.3% in area or
more, and for example, 90% in area or less, preferably 75%
in area or less, more preferably 40% in area or less,
particularly preferably 30% in area or less. The filling ratio
can be, for example, calculated as follows. Further, in the
description of the calculation of the filling ratio, the CNT is
preferably a multi-layer CNT, and a CNT thread refers to the
temporary thread 11 or a CNT twisted thread 19 (described
later).

First, as shown in Formula (1) below, the mass per CNT
is calculated.

Formula 1

Formula (1)

n 1
Wewr = Z(d‘%”’ —d) X hX Pgrap L

(In Formula (1), d,,,,, indicates an outer diameter per CNT.
d;, indicates an inner diameter per CNT. h indicates an
average length per CNT. p,,,, indicates the density of
graphite, which is 2.25 g/cm? (source: page 445 of “Chrono-
logical Scientific Tables 2001” (edited by National Astro-
nomical Observatory of the Ministry of Education, H13).)

The outer diameter and the inner diameter per CNT can be
measured by an SEM image or a laser dimension meter. An
average length per CNT is determined by measuring a film
thickness of the VACNTs 2 on the substrate.
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Then, as shown by Formula (2) below, the number of
CNTs per average length (hereinafter referred to as “per
unit”) of the one CNT in the CNT thread is calculated.
Formula 2

Formula (2)

@

(In Formula (2), N, indicates the number of CNTs per
unit in the CNT thread. W .., indicates the mass per unit
of the CNT thread. W, indicates the mass of the one
CNT.)

When the filling ratio of the CNT in the cross section of
the temporary thread 11 is calculated, N, indicates the
number of CNTs per unit in the temporary thread 11, and
W,,eaq indicates the mass per unit of the temporary thread
11. Further, when the filling ratio of the CNT in the cross
section of the CNT twisted thread 19 is calculated, Ny
indicates the number of CNTs per unit in the CNT twisted
thread 19, and W, , indicates the mass per unit of the CNT
twisted thread 19.

Next, as shown by Formula (3) below, the filling ratio of
the CNT in the cross section of the CNT thread (the
temporary thread 11 or the CNT twisted thread 19) is
calculated.

Formula 3
Formula (3)
S X N 3
Filling Ratio [% in area] = w x 100 @
thread

(In Formula (3), Sy indicates the cross-sectional area
per CNT. S,,..., indicates the cross-sectional area of the
CNT thread. N, is the same as N in Formula (2).)

The cross-sectional area (S,) per CNT is calculated by
Formula (4) below.

Formula 4

Formula (4)

et “@
Scnr = 4"

(In Formula (4), d,,,, is the same as d,,, in Formula (1).)
Further, the cross-sectional area (S,,,..,) of the CNT
thread is calculated by Formula (5) below.
Formula 5

Formula (5)

dz ®
Sitreas = 2247

(In Formula (5), d,,,..., indicates an outer diameter of the
CNT thread.)

When the filling ratio of the CNT in the cross section of
the temporary thread 11 is calculated, S,,,.., indicates the
cross-sectional area in cutting the temporary thread 11 in the
direction perpendicular to the length direction, and when the
filling ratio of the CNT in the cross section of the CNT
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twisted thread 19 is calculated, S,,,.,, indicates the cross-
sectional area in cutting the CNT twisted thread 19 in the
direction perpendicular to the length direction.

When the filling ratio of the CNT 10 in the cross section
of the temporary thread 11 is the above-described lower
limit or more, it is possible to stably form the temporary
thread 11. When the filling ratio of the CNT 10 in the cross
section of the temporary thread 11 is the above-described
upper limit or less, it is possible to suppress breakage of the
temporary thread 11 at the time of bundling the CNT single
threads 8. In particular, when the filling ratio of the CNT 10
in the cross section of the temporary thread 11 is 40% in area
or less, it is possible to stably twist the temporary thread 11
in a step of twisting the temporary thread 11 to be described
later, and improve a tensile strength of the carbon nanotube
twisted thread 19 to be described later (hereinafter referred
to as the CNT twisted thread 19).

Further, the temporary thread 11 has a twist angle of, for
example, 0° or more, and 10° or less, preferably 5° or less.
That is, the temporary thread 11 may be a non-twisted thread
having a twist angle of 0°, or may be a twisted thread having
a twist angle of 10° or less. To form the twisted thread from
the temporary thread 11, the above-described die 13 is
rotated about an axis of the die 13, and the temporary thread
11 is twisted.

When the twist angle of the temporary thread 11 is within
the above-described range, in a step of twisting the tempo-
rary thread 11 to be described later, it is possible to further
more stably twist the temporary thread 11.

Next, the temporary thread 11 bundled into a thread shape
is wound on the first winder 12.

The first winder 12 is capable of winding the temporary
thread 11. The first winder 12 has a columnar shape. The first
winder 12 is capable of rotating about an axis of the first
winder 12. An outer diameter of the first winder 12 is not
particularly limited, and is, for example, 1 mm or more and
300 mm or less, preferably 10 mm or more and 100 mm or
less. A dimension in the axis direction of the first winder 12
is not particularly limited, and is, for example, 10 mm or
more and 100 mm or less. Then, a driving force is input from
an external driving source, not shown, to the first winder 12,
and the first winder 12 drivingly rotates about the axis of the
first winder 12, so that the temporary thread 11 is wound
around a circumferential surface of the first winder 12.

Thus, the temporary thread 11 is pulled toward the down-
stream in a moving direction, and along with this, the CNT
single threads 8 are continuously drawn out of the VACNTs
2, inserted into the die 13, and then continuously wound
around the first winder 12 as the temporary thread 11.

At this time, the temporary thread 11 has a moving rate of,
for example, 1 m/min or more, preferably 50 m/min or more,
more preferably 100 m/min or more, and for example, 300
m/min or less.

Then, as shown in FIG. 2, the temporary thread 11 is
twisted while the wound temporary thread 11 is fed from the
first winder 12.

Specifically, first, the first winder 12 which has wound the
temporary thread 11 is attached to a twisting portion 25. The
twisting portion 25 includes a support portion 15 and a
rotation shaft 16.

The support portion 15 has a generally U-shape. The
support portion 15 has two side walls 15A and a connecting
wall 15B. The two side walls 15A are capable of attaching
the first winder 12 therebetween, and are spaced apart from
each other in the axis direction of the first winder 12. A
driving force is not input from an external driving source,
not shown, into the first winder 12 in a state of being
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supported by the two side walls 15A. The two side walls
15A support the first winder 12 to be followingly rotatable.
The connecting wall 15B is spaced apart from the first
winder 12 and connects the end portions of the two side
walls 15A.

The rotation shaft 16 is located at the side opposite to the
first winder 12 with respect to the connecting wall 15B. One
end portion of the rotation shaft 16 is fixed to the center of
the connecting wall 15B. Further, a driving force is input
from an external driving source, not shown, into the rotation
shaft 16, and the rotation shaft 16 rotates about an axis of the
rotation shaft 16. Thus, the support portion 15 is capable of
drivingly rotating about the axis of the rotation shaft 16. The
axis of the rotation shaft 16 is along the feeding direction of
the temporary thread 11 to be described later.

Next, the temporary thread 11 fed from the first winder 12
is passed over to the second winder 14.

The second winder 14 is capable of winding the tempo-
rary thread 11 fed from the first winder 12 by rotational
drive. The second winder 14 has a columnar shape. The
second winder 14 is capable of rotating about an axis of the
second winder 14. An outer diameter of the second winder
14 is not particularly limited, and is, for example, 1 mm or
more and 300 mm or less, preferably 10 mm or more and
100 mm or less. A dimension in the axis direction of the
second winder 14 is not particularly limited, and is, for
example, 1 mm or more and 300 mm or less.

Then, a driving force is input from an external driving
source, not shown, into the second winder 14, and a driving
force is input from an external driving source, not shown,
into the rotation shaft 16. Then, the second winder 14
drivingly rotates about the axis of the second winder 14, and
the support portion 15 drivingly rotates about the axis of the
rotation shaft 16.

At this time, the temporary thread 11 is pulled by the
rotating second winder 14, which rotates the first winder 12
followingly from which the temporary thread 11 is continu-
ously fed. Then, the support portion 15 rotates about the axis
(axis of the rotation shaft 16) along the feeding direction of
the temporary thread 11, so that the first winder 12 rotates
about the axis along the feeding direction along with the
support portion 15 to twist the temporary thread 11. There-
after, the second winder 14 rotates and winds the CNT
twisted thread 19 obtained by twisting the temporary thread
11 fed from the first winder 12.

That is, the first winder 12 is rotated about the axis along
the feeding direction of the temporary thread 11 while the
temporary thread 11 is fed from the first winder 12, and the
temporary thread 11 is twisted and then wound around the
second winder 14.

In FIG. 2, the first winder 12 rotates about the axis along
the feeding direction along with the support portion 15 to
twist the temporary thread 11. However, the case is not
limited to this. For example, the support portion may support
the second winder 14 rotatably, and the second winder 14
may also rotate about the axis along the feeding direction
along with the support portion to twist the temporary thread
11.

In addition, the temporary thread 11 may be wound
around the second winder 14 after passing through an
intermediate thread twisting portion for twisting the tempo-
rary thread 11 between the first winder 12 and the second
winder 14, where the intermediate thread twisting portion is
disposed between the first winder 12 and the second winder
14, and the temporary thread 11 is fed from the first winder
12. For example, as described in International Publication
No. 2015/011768, the temporary thread 11 is twisted by a
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swirling flow of compressed air (“air”) in the thread pro-
duction portion, and then, it may be wound around the
second winder 14.

Thus, the CNT single threads 8 provided in the temporary
thread 11 are twisted to each other, and the CNT twisted
thread 19 (CNT wire) is produced.

The CNT twisted thread 19 has number of twists of, for
example, 500 T/m or more, preferably 1000 T/m or more,
more preferably 3000 T/m or more, and for example, 7000
T/m or less, preferably 5000 T/m or less.

Further, when the CNT twisted thread 19 is cut in the
direction perpendicular to the length direction, the filling
ratio of the CNT 10 in the cross section of the CNT twisted
thread 19 is larger than that of the CNT 10 in the cross
section of the temporary thread 11. The filling ratio of the
CNT 10 in the cross section of the CNT twisted thread 19 is,
for example, 30% in area or more, preferably above 40% in
area, further more preferably 50% in area or more, and for
example, 90% in area or less, preferably 85% in area or less.
The filling ratio of the CNT 10 in the cross section of the
CNT twisted thread 19 can be calculated by the above-
described way.

When the filling ratio of the CNT 10 in the cross section
of the CNT twisted thread 19 is within the above-described
range, it is possible to stably improve the tensile strength of
the CNT twisted thread 19.

Further, the CNT twisted thread 19 has a twist angle of,
for example, 1° or more, preferably 5° or more, further more
preferably 10° or more, and for example, 60° or less,
preferably 50° or less, further more preferably 30° or less.

Since the twist angle of the CNT twisted thread 19 is
within the above-described range, it is possible to further
more stably improve the tensile strength of the CNT twisted
thread 19.

The CNT twisted thread 19 has the tensile strength of, for
example, 200 MPa or more, preferably 600 MPa or more,
more preferably 800 MPa or more, and for example, 2000
MPa or less, preferably 1200 MPa or less. The tensile
strength of the CNT twisted thread can be calculated as
follows: one end of the CNT twisted thread is fixed, the other
end of the CNT twisted thread is fixed to a force gauge, the
thread is pulled up at 0.2 mm/sec to obtain a load on
rupturing as a breaking strength, and the breaking strength
is divided by the cross-sectional area of the CNT twisted
thread.

The above-described method for producing the CNT
twisted thread 19 is, for example, carried out with a CNT
twisted thread production apparatus 22 as one example of a
production apparatus of a carbon nanotube twisted thread.
The CNT twisted thread production apparatus 22 includes a
temporary thread production unit 20 shown in FIG. 1, and a
twisted thread production unit 21 shown in FIG. 2. In the
description of the CNT twisted thread production apparatus
22, the same reference numerals are provided for members
corresponding to each of those in the above-described
members, and the description thereof is omitted.

As shown in FIG. 1, the temporary thread production unit
20 includes the VACNTs 2 disposed on the substrate 1, the
die 13, and the first winder 12. As shown in FIG. 2, the
twisted thread production unit 21 includes the second winder
14 and the twisting portion 25.

In the CNT twisted thread production apparatus 22, as
described above, the CNT single threads 8 are drawn out of
the VACNTs 2, and the CNT single threads 8 are inserted
into the hole 13 A provided in the die 13 to be bundled into
a thread shape. Thereafter, the temporary thread 11 obtained
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by bundling the CNT single threads 8 into a thread shape is
passed over to the first winder 12, and the first winder 12 is
rotationally driven.

Thus, the temporary thread 11 is pulled by the rotation of
the first winder 12, the CNT single threads 8 are continu-
ously drawn out of the VACNTs 2 and inserted into the die
13, and then the CNT single threads 8 are continuously
wound on the first winder 12 as the temporary thread 11.

Thus, the temporary thread production unit 20 produces
the temporary thread 11 wound around the first winder 12.

Thereafter, the first winder 12 around which the tempo-
rary thread 11 is wound is removed from the temporary
thread production unit 20. Then, the first winder 12 is
attached to the support portion 15, and then, the temporary
thread 11 is fed from the first winder 12 to be passed over
to the second winder 14.

Then, the second winder 14 is drivingly rotated about the
axis of the second winder 14, and the support portion 15 is
drivingly rotated about the axis of the rotation shaft 16.

Thus, the temporary thread 11 is continuously fed from
the first winder 12 by being pulled by the rotation of the
second winder 14, and is twisted by the rotation of the
support portion 15. Thereafter, the second winder 14 rotates
and winds the CNT twisted thread 19.

Thus, the CNT twisted thread 19 is produced with the
CNT twisted thread production apparatus 22.

The CNT twisted thread 19 is, for example, used in
various industrial products such as textiles (sheets) using
carbon fibers, and electrically conductive wire materials for
electrical devices (for example, motors, transformers, sen-
sors, and the like).

(2) Function and Effect

As shown in FIGS. 1 and 2, in the above-described
method for producing the CNT twisted thread 19, the
plurality of CNTs 10 are drawn out of the VACNTs 2 so as
to be continuous in lines, and bundled into a thread shape;
and the temporary thread 11, thus bundled into a thread
shape, is temporarily wound around the first winder 12.
Thereafter, the first winder 12 is rotated about the axis along
the feeding direction of the temporary thread 11 to twist the
temporary thread 11 while the temporary thread 11 is fed
from the first winder 12.

Therefore, it is possible to stably rotate the first winder 12
about the axis along the feeding direction, and smoothly
twist the temporary thread 11. As a result, it is possible to
industrially and efficiently produce the CNT twisted thread
19. Further, it is possible to decrease a probability of the
breakage of the CNT twisted thread 19 as compared with a
conventional production method.

Further, the CNT single threads 8 are bundled so that the
filling ratio of the CNT 10 in the cross section of the
temporary thread 11 is the above-described lower limit or
more. Therefore, it is possible to stably form the temporary
thread 11. Also, the filling ratio of the CNT 10 in the cross
section of the temporary thread 11 is the above-described
upper limit or less. Therefore, when the CNT single threads
8 are bundled into a thread shape, it is possible to suppress
breakage of the temporary thread 11. Furthermore, when the
filling ratio of the CNT 10 in the cross section of the
temporary thread 11 is 40% in area or less, it is possible to
stably twist the temporary thread 11 fed from the first winder
12, and improve the tensile strength of the CNT twisted
thread 19.

Further, the filling ratio of the CNT 10 in the cross section
of the CNT twisted thread 19 is within the above-described
range. Therefore, it is possible to stably improve the tensile
strength of the CNT twisted thread 19.
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Further, the twist angle of the temporary thread 11 is
within the above-described range. Therefore, it is possible to
further more stably twist the temporary thread 11 fed from
the first winder 12.

Further, the twist angle of the CNT twisted thread 19 is
within the above-described range. Therefore, it is possible to
further more stably improve the tensile strength of the CNT
twisted thread 19.

Further, the CNT single threads 8 are inserted into the
hole 13A of the die 13 to be bundled into a thread shape.
Therefore, it is possible to stably bundle the CNT single
threads 8 into a thread shape even by a simple method.

Further, the inner diameter of the hole 13A is the above-
described lower limit or more with respect to the width of
the drawing position of the CNT 10 in the VACNTs 2.
Therefore, it is possible to stably insert the CNT single
threads 8 into the hole 13A. Further, the inner diameter of
the hole 13A is the above-described upper limit or less with
respect to the width of the drawing position. Therefore, it is
possible to adjust the filling ratio of the CNT 10 in the cross
section of the temporary thread 11 within the above-de-
scribed range.

Further, the second winder 14 rotates and winds the CNT
twisted thread 19 which is obtained by twisting the tempo-
rary thread 11 fed from the first winder 12. Therefore, the
first winder 12 rotates following the rotation of the second
winder 14, so that it is possible to continuously feed the
temporary thread 11. As a result, the second winder 14 is
drivingly rotated while the first winder 12 is drivingly
rotated about the axis along the feeding direction, so that it
is possible to continuously produce the CNT twisted thread
19.

Further, the above-described method for producing the
CNT twisted thread 19 is carried out with the CNT twisted
thread production apparatus 22. Specifically, after the die 13
bundles the CNT single threads 8 drawn out of the VACNTs
2 into a thread shape, the first winder 12 temporarily winds
the temporary thread 11. Then, the second winder 14 is
drivingly rotated, thereby rotating the first winder follow-
ingly to continuously feed the temporary thread, and the
support portion 15 supporting the first winder 12 drivingly
rotates about the axis along the feeding direction in order to
twist the temporary thread 11. Thereafter, the second winder
14 winds the twisted CNT twisted thread 19.

The second winder 14 winds the CNT twisted thread 19
while the temporary thread 11 is twisted, whereby it is
possible to simplify a configuration of the CNT twisted
thread production apparatus 22, and industrially and effi-
ciently produce the CNT twisted thread 19 as compared with
a case where the second winder drivingly rotates about two
different axes.

As the twisted thread production unit 21, a commonly
available twisted thread machine may be also used.

2. Second Embodiment

Next, a second embodiment of the present invention is
described with reference to FIG. 4. In the second embodi-
ment, the same reference numerals are provided for mem-
bers corresponding to each of those in the above-described
first embodiment, and their detailed description is omitted.

As shown in FIG. 4, the second embodiment of the
method for producing a carbon nanotube twisted thread of
the present invention further includes a step of supplying a
volatile liquid to the CNT single threads 8 drawn out of the
VACNTs 2.
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Examples of the volatile liquid include water and an
organic solvent, and preferably, an organic solvent is used.
Examples of the organic solvent include lower (C1 to C3)
alcohols (for example, methanol, ethanol, propanol, and the
like), ketones (for example, acetone and the like), ethers (for
example, diethyl ether, tetrahydrofuran, and the like), alkyl
esters (for example, ethyl acetate and the like), halogenated
aliphatic hydrocarbons (for example, chloroform, dichlo-
romethane, and the like), and polar aprotones (for example,
N-methylpyrrolidone, dimethylformamide, and the like).

Of the volatile liquids, preferably, lower alcohols are
used, more preferably, ethanol is used. These volatile liquids
may be used alone or in combination of two or more. In
addition, in the volatile liquid, fine particles may be dis-
persed, or a metal salt and/or a resin material may be also
dissolved.

The volatile liquid may be supplied to the CNT single
threads 8 (the CNT web 9) on the upstream-side of the die
13, may be supplied to the CNT single threads 8 (the
temporary thread 11) on the downstream-side of the die 13,
or may be supplied to both of them in the moving direction
of'the temporary thread 11. From the viewpoint of uniformly
impregnating the volatile liquid into the temporary thread
11, preferably, the volatile liquid is supplied to the CNT
single threads 8 (the CN'T web 9) on the upstream-side of the
die 13 in the moving direction of the temporary thread 11.

Then, in order to supply the volatile liquid to the CNT
single threads 8, for example, the volatile liquid is sprayed
in a mist state toward the CNT single threads 8. In such a
case, the temporary thread production unit 20 of the CNT
twisted thread production apparatus 22 includes a spray
portion 30.

In the present embodiment, the spray portion 30 is dis-
posed so as to face the plurality of CNT webs 9 located
between the VACNTs 2 and the die 13. Further, as shown by
a phantom line, the spray portion 30 may be also disposed
s0 as to face the temporary thread 11 located between the die
13 and the first winder 12. The spray portion 30 is capable
of spraying the above-described volatile liquid.

Then, the CNT single threads 8 to which the volatile
liquid is supplied are dried if necessary, and then, wound on
the first winder 12 as the temporary thread 11.

The method for supplying the volatile liquid to the CNT
single threads 8 is not limited to the description above, and
for example, the CNT single threads 8 may be immersed in
the volatile liquid.

In the second embodiment, the volatile liquid is vapor-
ized, so that the plurality of CNTs 10 aggregate with each
other in each CNT single thread 8, and the CNT single
threads 8 aggregate with each other in the temporary thread
11. Therefore, it is possible to improve the filling ratio of the
CNT 10 in the cross section of the temporary thread 11.

In addition, when the fine particles are dispersed, or the
metal salt and/or the resin material are/is dissolved in the
volatile liquid, such other materials can be composited into
the temporary thread 11, and accordingly, such other mate-
rials can be composited into the CNT twisted thread 19.

In the second embodiment, the same function and effect
as that of the above-described first embodiment can be
achieved.

3. Third Embodiment

Next, a third embodiment of the present invention is
described with reference to FIGS. 5A and 5B. In the third
embodiment, the same reference numerals are provided for
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members corresponding to each of those in the above-
described first embodiment, and their detailed description is
omitted.

As shown in FIGS. 5A and 5B, the third embodiment of
the method for producing a carbon nanotube twisted thread
of the present invention further includes a step of extending
the CNT twisted thread 19 in the length direction.

For example, by holding both ends of the CNT twisted
thread 19 fed from the second winder 14 with holding
members 31, the CNT twisted thread 19 is extended in the
length direction.

Thus, it is possible to improve the filling ratio of CNT 10
in the cross section of the CNT twisted thread 19, and further
improve the tensile strength of the CNT twisted thread 19.

18
diameter of the hole of the die with a drawing width of the
CNT single threads (the amount of CNT) out of the VACNTs
as the same. Thereafter, the first winder was drivingly
rotated, and the temporary thread obtained by bundling the
CNT single threads into a thread shape was wound on the
first winder.

Thus, the temporary thread was produced. A filling ratio
of'the CNT in a cross section of the temporary thread, a twist
angle of the temporary thread, and a diameter of the tem-
porary thread are shown in Table 1. Furthermore, a scanning
electron microscope (SEM) image of the temporary thread
of Production Example 4 is shown in FIG. 6.

TABLE 1

No.

Production Production Production Production Production Production

Ex. 1 Ex. 2 Ex. 3 Ex. 4 Ex. 5 Ex. 6
Temporary  Filling Ratio 0.3 3.2 10 30 50 75
Thread [% in area]
Twist Angle 0 0 0 0 0 0
[°]
Diameter 513 163 81 52 43 33
[pm]

The method for extending the CNT twisted thread 19 is
not limited to the description above, and the CNT twisted
thread 19 may be, for example, extended while the tempo-
rary thread 11 is twisted in the twisted thread production unit
21.

In the third embodiment, the same function and effect as
that of the above-described first embodiment can be
achieved. Further, the first embodiment to the third embodi-
ment can be appropriately used in combination.

EXAMPLES

Next, the present invention is further described based on
Examples below. The present invention is however not
limited by these. The specific numerical values in mixing
ratio (content ratio), property value, and parameter used in
the following description can be replaced with upper limit
values (numerical values defined as “or less” or “below”) or
lower limit values (numerical values defined as “or more” or
“above”) of corresponding numerical values in mixing ratio
(content ratio), property value, and parameter described in
the above-described “DESCRIPTION OF EMBODI-
MENTS”.

Production Examples 1 to 6

After laminating a silicon dioxide film on the surface of
a substrate made of stainless steel (stainless steel substrate),
iron was deposited on the silicon dioxide film as a catalyst
layer. Then, the substrate was heated at a predetermined
temperature, and a raw material gas (acetylene gas) was to
suppled to the catalyst layer. Thus, VACNTs forming a
generally rectangular shape when viewed from the top were
formed on the substrate.

Next, CNT single threads were drawn out of the VACNTs,
and the CNT single threads were inserted into a hole of a die
and bundled into a thread shape so that a filling ratio of a
temporary thread showed the value in Table 1. The filling
ratio of the temporary thread was adjusted by an inner

40
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Examples 1 to 5

A temporary thread (filling ratio of 0.3% in area) of
Production Example 1 was fed from the first winder, and the
first winder was rotated about an axis along the feeding
direction of the temporary thread to twist the temporary
thread so that number of twists of the CNT twisted thread
was the value shown in Table 2.

Thus, the CNT twisted thread was produced. The number
of twists of the CNT twisted thread, a twist angle of the CNT
twisted thread, a diameter of the CNT twisted thread, a
filling ratio of the CNT in a cross section of the CNT twisted
thread, and a tensile strength of the CNT twisted thread are
shown in Table 2.

Examples 6 to 11

A temporary thread (filling ratio of 30% in area) of
Production Example 4 was fed from the first winder, and the
first winder was rotated about an axis along the feeding
direction of the temporary thread to twist the temporary
thread so that number of twists of the CNT twisted thread
was the value shown in Table 3.

Thus, the CNT twisted thread was produced. The number
of twists of the CNT twisted thread, a twist angle of the CNT
twisted thread, a diameter of the CNT twisted thread, a
filling ratio of the CNT in a cross section of the CNT twisted
thread, and a tensile strength of the CNT twisted thread are
shown in Table 3. Further, a scanning electron microscope
(SEM) image of the CNT twisted thread of Example 9 is
shown in FIG. 7.

Examples 12 to 16

A temporary thread (filling ratio of 75% in area) of
Production Example 6 was fed from the first winder, and the
first winder was rotated about an axis along the feeding
direction of the temporary thread to twist the temporary
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thread so that number of twists of the CNT twisted thread
was the value shown in Table 4.

20
TABLE 4-continued

Thus, the CNT twisted thread was produced. The number No. Ex. 12 Ex. 13 Ex. 14 Ex.15 Ex. 16
of twists of the CNT twisted thread, and a tensile strength of Twist Angle _ 20 _ _ 75
the CNT twisted thread are shown in Table 4. 50

Diameter 33 32 32 32 33
[um]
TABLE 2 Filling Ratio of CNT 58 62 62 62 58
Twisted Thread
No. Ex. 1 Ex. 2 Ex. 3 Ex. 4 Ex. 5 [% in area]
" A 10 Tensile Strength 700 750 700 600 400
Filling Ratio of 0.3 0.3 0.3 0.3 0.3 [MPa]
Temporary Thread
[% in area]
Number of Twists 1000 3000 4000 5000 7000 . .
[T/m] Consideration
Twist Angle — — — 25 —
[°] 15 A correlation between the number of twists of the CNT
meter ¥ 33 3 2 28 twisted thread and the tensile strength of the CNT twisted
Filling Ratio of CNT » 58 66 g7 31 thread in Examples 1 to 16 is shown in FIG..S. As s.hown in
Twisted Thread FIG. 8, it was confirmed that when the filling ratio of the
[% in area] temporary thread was 0.3% in area, the tensile strength of
Tensile Strength 300 600 800 1050 650 20 the CNT twisted thread was maximized at the number of
[MPa] twists of 5000 T/m (Example 4); when the filling ratio of the
temporary thread was 30% in area, the tensile strength of the
CNT twisted thread was maximized at the number of twists
TABLE 3 014000 T/m (Example 10);. and when the ﬁlling ratio of the
25 temporary thread was 75% in area, the tensile strength of the
No. Ex. 6 Ex.7 Ex.8 Ex.9 Ex.10 Ex. 11 CNT twisted thread was maximized at the number of twists
— - 011000 T/m (Example 13). That is, it was confirmed that the
?:ﬁ;n%}m%ﬁ;a J 003003030 3 30 number of twists at which the tensile strength of the CNT
(% iﬁ ala;/] twisted thread was maximized was different, and also the
Number of Twists 500 1000 2000 3000 4000 5000 5, maximum tensile strength of the CNT twisted thread was
[T/m] different, depending on filling ratio of the temporary thread.
Twist Angle — 10 — — 25 30
[°] Examples 17 to 19
Diameter 40 38 34 31 29 29
[um] .
Filling Ratio of CNT 0 a4 55 66 7 5 For each temporary thread of Producpon Examples shqwn
Twisted Thread in Table 5, the plurah.ty of CNT tw15ted threads having
[% in area] different number of twists of the CNT twisted thread were
Tensile Strength 350 400 550 800 900 700 produced, and the maximum tensile strength of the CNT
[MPa] twisted thread in use of each temporary thread of Production
Examples was confirmed. The results are shown in Table 5.
40 .
Comparative Example 1
TABLE 4
No. Ex. 12 Ex 13 Ex 14 Fx 15 Ex 16 As a conventional example, the.: CNT twisted thread was
produced as follows. The CNT single threads were drawn
Filling Ratio of 75 75 75 75 75 out of the VACNTs prepared in the same manner as in
Temporary Thread 45 Producti E le 1 whil . h b ith th
[% in area] roduction Example 1 w tle rotating the substrate wit t. e
Number of Twists 500 1000 1500 2000 2500 VACNTs, and the CNT single threads were wound while
[T/m] being twisted. The maximum tensile strength of the CNT
twisted thread is shown in Table 5.
TABLE 5
No.
Comparative
Ex. 1 Ex. 4 Ex.17  Ex.18  Ex. 10  Ex.19  Ex 13
Production Ex.
Production Production Production Production Production Production
— Ex. 1 Ex. 2 Ex. 3 Ex. 4 Ex. 5 Ex. 6
Filling Ratio of 0 0.3 3.2 10 30 50 75
Temporary Yarn
[% in area]
Maximum Tensile 800 900 900 900 900 850 750

Strength
[MPa]
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Consideration

In Examples 4, 10, 13, and 17 to 19 and Comparative
Example 1, a correlation between the filling ratio of the
temporary thread and the tensile strength of the CNT twisted
thread is shown in FIG. 9. In FIG. 9, for convenience,
Comparative Example 1 was described that the filling ratio
of the temporary thread was 0% in area. As shown in FIG.
9, it was confirmed that when the filling ratio of the
temporary thread was 30% in area or less, the relatively high
tensile strength of the CNT twisted thread could be ensured,
and when the filling ratio of the temporary thread was 50%
in area or more, the tensile strength of the CNT twisted
thread decreased.

Further, in Comparative Example, since the substrate was
rotated, the webs drawn out of the VACNTs formed a
triangular shape (fan shape) and were twisted in the trian-
gular shape, whereby the angle of the triangle of the webs
directly affected the twist angle, and a pitch of twists was
easily spread in the length direction of the CNT twisted
thread. In contrast, in Examples, since the temporary thread
was twisted on a rotation axis (first winder) for twisting, it
was considered that a pitch of twists of the CNT twisted
thread was narrowed in the length direction, and the tensile
strength increased. In the production method of Compara-
tive Example, there was also a problem that a long CNT
twisted thread could not be produced due to frequent break-
age.

While the illustrative embodiments of the present inven-
tion are provided in the above description, such is for
illustrative purpose only and it is not to be construed as
limiting the scope of the present invention. Modification and
variation of the present invention that will be obvious to
those skilled in the art is to be covered by the following
claims.

INDUSTRIAL APPLICATION

The method for producing a carbon nanotube twisted
thread and the production apparatus of a carbon nanotube
twisted thread of the present invention are preferably used in
production of a carbon nanotube twisted thread used in
various industrial products. The carbon nanotube twisted
thread is preferably used in, for example, textiles (sheets)
using carbon fibers, and electrically conductive wire mate-
rials for electrical devices (for example, motors, transform-
ers, sensors, and the like).

DESCRIPTION OF REFERENCE NUMERALS

1 Substrate

2 VACNTs

10 CNT

11 Temporary thread

12 First winder

13 Die

13a Hole

14 Second winder

15 Support portion

19 CNT twisted thread

20 Temporary thread production unit
21 Twisted thread production unit
22 CNT twisted thread production apparatus

10

15

25

30

35

40

45

55

60

65

22

The invention claimed is:

1. A method for producing a carbon nanotube twisted
thread, the method comprising:

a step of drawing a plurality of carbon nanotubes so as to
be continuous in lines out of vertically aligned carbon
nanotubes disposed on a substrate and aligned verti-
cally to the substrate, bundling the carbon nanotubes
into a thread shape, and winding a temporary thread,
bundled into the thread shape, around a first winder;
and

a step of feeding the temporary thread wound up from the
first winder and rotating the first winder about an axis
along a feeding direction of the temporary thread to
twist the temporary thread,

wherein a filling ratio of the carbon nanotube in a cross
section of the temporary thread when the temporary
thread is cut in a direction perpendicular to a length
direction is 40% in area or less.

2. The method for producing a carbon nanotube twisted
thread according to claim 1, wherein a filling ratio of the
carbon nanotube in a cross section of the temporary thread
is 0.3% in area or more and 40% in area or less.

3. The method for producing a carbon nanotube twisted
thread according to claim 1, wherein a filling ratio of the
carbon nanotube in the cross section of the carbon nanotube
twisted thread when the carbon nanotube twisted thread is
cut in the direction perpendicular to the length direction is
larger than the filling ratio of the carbon nanotube in the
cross section of the temporary thread, and is 50% in area or
more and 90% in area or less.

4. The method for producing a carbon nanotube twisted
thread according to claim 1, wherein a twist angle of the
temporary thread is 0° or more and 10° or less.

5. The method for producing a carbon nanotube twisted
thread according to claim 1, wherein a twist angle of the
carbon nanotube twisted thread is 5° or more and 30° or less.

6. The method for producing a carbon nanotube twisted
thread according to claim 1, wherein the plurality of carbon
nanotubes drawn so as to be continuous in lines are inserted
into a hole to be bundled into the thread shape.

7. The method for producing a carbon nanotube twisted
thread according to claim 6, wherein an inner diameter of the
hole is Y3000 or more and Y100 or less with respect to a width
of'a drawing position of the carbon nanotube in the vertically
aligned carbon nanotubes.

8. The method for producing a carbon nanotube twisted
thread according to claim 1, wherein a second winder rotates
and winds the carbon nanotube twisted thread obtained by
twisting the temporary thread fed from the first winder.

9. The method for producing a carbon nanotube twisted
thread according to claim 1 further comprising:

a step of extending the carbon nanotube twisted thread in

the length direction.

10. A method for producing a carbon nanotube twisted
thread, the method comprising:

a step of drawing a plurality of carbon nanotubes so as to
be continuous in lines out of vertically aligned carbon
nanotubes disposed on a substrate and aligned verti-
cally to the substrate, inserting the plurality of carbon
nanotubes drawn so as to be continuous in lines into a
hole, bundling the carbon nanotubes into a thread
shape, and winding a temporary thread, bundled into
the thread shape, around a first winder; and

a step of feeding the temporary thread wound up from the
first winder and rotating the first winder about an axis
along a feeding direction of the temporary thread to
twist the temporary thread,
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wherein an inner diameter of the hole is %3000 or more and
Y100 or less with respect to a width of a drawing position
of the carbon nanotube in the vertically aligned carbon
nanotubes.



